Keywords: boron isotopes palaeo-CO 2 planktic foraminifera vital effects Orbulina universa Boron isotope ratios, as measured in planktic foraminifera, can be a useful tracer of past ocean pH, and hence help to discern the concentration of CO 2 in the ancient atmosphere. However, different species of planktic foraminifera demonstrate different patterns of boron isotope variation with ambient seawater pH. Therefore when applying the proxy to questions in the geological past, species-specific calibrations are preferable. Beyond the evolutionary history of a calibrated species, we must rely on our understanding of the causes of the observed "vital effects" in the modern ocean, and the applicability of that understanding to extinct species. Here we present a new open-ocean calibration of the planktic foraminifera Orbulina universa, measured via Multi-Collector Inductively Coupled Mass Spectrometry (MC-ICPMS). Unlike other symbiont-bearing foraminifera, O. universa record a δ 11 B (and hence pH) that is lower than its surrounding seawater, but with a pH-sensitivity roughly equal to that of aqueous borate ion. We discuss the significance of this for application of the boron isotope proxy in deep time, with recommendations for best practice and future research directions.
Introduction
The boron isotope-pH proxy (as applied to biogenic carbonates) is widely used for reconstructing palaeo-pH and past CO 2 concentrations. The proxy is based on the known pH-dependency of boron speciation in seawater, between boric acid, B(OH) 3 , and the charged borate ion, B(OH) − 4 (see Dickson, 1990) . Because a known isotopic fractionation is associated with this speciation (Klochko et al., 2006) , and because it is thought that the charged borate ion is the species incorporated into foraminiferal CaCO 3 (e.g. Branson et al., 2015; Hemming and Hanson, 1992; Rae et al., 2011) , it is possible (with some additional parameters) to infer in situ pH from the boron isotopic composition (hereafter δ 11 B) of foraminiferal calcite (for a more detailed treatment, see Zeebe and Wolf-Gladrow, 2001; Foster and Rae, 2016) . However, as with many other proxies (e.g. δ 18 O and δ 13 C; Bemis et al., 1998;  * Corresponding author at: Department of Geology and Geophysics, Yale University, 210 Whitney Avenue, New Haven, CT-06511, USA. E-mail address: Michael.Henehan@yale.edu (M.J. Henehan). Bijma et al., 1998; Zeebe et al., 1999a) application of the boron isotope-pH proxy with confidence requires an understanding of how the physiology of the carbonate producer also influences the geochemical signatures recorded: so-called 'vital effects'. In the case of planktic foraminifera (commonly used to reconstruct surface ocean pH and atmospheric pCO 2 ), sizeable vital effects in δ 11 B have been documented (e.g. Foster, 2008; Henehan et al., 2013; Hönisch et al., 2003; Martínez-Botí et al., 2015; Sanyal et al., 2001 Sanyal et al., , 1996 , with the magnitude and directionality (i.e. toward higher or lower δ 11 B) of these effects appearing to be species-specific.
These vital effects are commonly explained as manifestations of an altered microenvironment around the foraminifera (Zeebe et al., , 1999a . Microenvironment alterations arise because the immediate vicinity around a foraminiferal test is below the smallest scale of turbulent flow (also known as the Kolmogorov scale; Kolmogorov, 1991) , and hence transport of nutrients, dissolved carbon species, etc. through this microenvironment is by diffusion only (Lazier and Mann, 1989) . Because of the relatively slow equilibration and diffusion rates of dissolved carbon species (Zeebe et al., 1999b) , the carbonate system within this diffusive boundary layer around a foraminifera may be different from the surrounding Published boron isotope measurements in foraminiferal carbonates to data, as characterised by solution MC-ICPMS. To allow comparison of vital effects in isolation in an internally consistent dataset, NTIMS data are not plotted because of potentially variable laboratory-specific analytical offsets Hönisch et al., 2003) between NTIMS datasets, with the exception of data from T. sacculifer (Sanyal et al., 2001 ) which has been corroborated by comparison with core-top MC-ICPMS measurements. Calibrations and bounds of uncertainty are calculated via combined Monte Carlo-wild bootstrap approach (see Section 2.4). The T. sacculifer calibration incorporates culture data (Sanyal et al., 2001 ) offset by −3.32h (see Fig. S2 ), as well as core-tops from Martínez-Botí et al. (2015) and Foster (2008) . The G. bulloides calibration incorporates all core-tops from Martínez-Botí et al. (2015) , including the Holocene measurement from Site PS2498-1 not originally included in that calibration dataset.
waters (Zeebe et al., 1999a) and the resultant pH offset causes the vital effects recorded in planktic foraminiferal δ 11 B Zeebe et al., 2003) . The release of CO 2 during respiration and calcification means that the foraminiferal microenvironment, in the absence of photosynthesising symbionts, should be lower in pH than the ambient seawater. In symbiont-bearing foraminifera, though, the carbonate system is also altered by the net uptake of DIC (probably mainly CO 2aq ; Colman et al., 2002; Zeebe et al., 1999a) by photosynthesising symbionts. This may raise pH to the extent that the acidifying effects of host respiration and calcification are outweighed and the microenvironment around the foraminifera become more alkaline than ambient seawater (Zeebe et al., , 1999a . There is abundant empirical evidence of these microenvironment perturbations from in vitro microelectrode measurements (Glas et al., 2012; Jørgensen et al., 1985; Köhler-Rink and Kühl, 2000 , 2005 Rink et al., 1998) . Importantly, inter-species differences in δ 11 B are largely consistent with microenvironment-derived vital effects. For instance, symbiont-bearing taxa such as Trilobatus (formerly Globigerinoides) sacculifer (sensu Spezzaferri et al., 2015) and Globigerinoides ruber have been shown to record elevated δ 11 B compared to ambient borate ion (Foster, 2008; Henehan et al., 2013; Sanyal et al., 2001) , while symbiont-barren forms such as Globigerina bulloides and Neogloboquadrina pachyderma record lower δ 11 B than ambient borate Martínez-Botí et al., 2015; Yu et al., 2013) (Fig. 1) . In addition, symbiont-bearing foraminifera grown in the dark, without symbiont photosynthetic activity, record lower δ 11 B than those grown in the light . Among benthic foraminifera, larger symbiont-bearing species elevate the pH in their microenviroment (Glas et al., 2012; Köhler-Rink and Kühl, 2001 ) and similarly record above-ambient δ 11 B (Rollion-Bard and Erez, 2010). Deep-sea epifaunal benthic foraminifera show no offset from ambient borate , consistent with low metabolic rates in these species (Nomaki et al., 2007) , and a lack of microenvironment pH alteration observed around similar benthic species (Glas et al., 2012) . In all these cases, striking agreement between δ 11 B and observed microenvironment carbonate system alteration persists despite known internal upregulation of the pH of internal calcification pools (e.g. Bentov et al., 2009) , and apparent non-equilibrium fractionation in inorganic calcites Noireaux et al., 2015; Sanyal et al., 2000) , suggesting models of boron isotope vital effects are fundamentally well-founded. That said, there are still some inconsistencies between modelled vital effects and data. For instance, Zeebe et al. (2003) suggest that foraminiferal microenvironment-driven vital effects should be constant in magnitude regardless of ambient seawater pH, i.e. they may produce absolute offsets but do not affect pH sensitivity. Instead, we observe that in symbiont-bearing species calibrated to date (Henehan et al., 2013; Sanyal et al., 2001 Sanyal et al., , 1996 foraminiferal δ 11 B is increasingly positively offset from δ 11 B borate as ambient pH is lowered (see Fig. 1 ), i.e. pH-sensitivity of foraminiferal δ 11 B is lower than that of aqueous borate ion. The same result is not seen for non-symbiont-bearing species (Martínez-Botí et al., 2015) , suggesting that this phenomenon may be driven by symbionts, via a mechanism that is unaccounted for in previous models.
In addition, the offset in δ 11 B between published culture calibrations of T. sacculifer (Sanyal et al., 2001) and O. universa (Sanyal et al., 1996) culture calibrations is too large (∼3h) to be explained within the framework of current models . Were this offset the result of differences in microenvironment pH, it would imply a microenvironment pH in T. sacculifer >0.3 pH units higher than in O. universa (from Sanyal et al., 1996) , and 0.25-0.3 pH units higher than in G. ruber (Henehan et al., 2013) . This is incompatible with microelectrode observations of microenvironment pH in O. universa (Köhler-Rink and Kühl, 2005; Rink et al., 1998) and T. sacculifer (Jørgensen et al., 1985) , even accounting for any potential differences in day:night calcification (Anderson and Faber, 1984; Lea et al., 1995) , as discussed by Zeebe et al. (2003) . It has however recently been recognised that some of this inconsistency stems from analytical inaccuracy of the earlier Negative Thermal Ionisation Mass Spectrometry (N-TIMS) work . Accounting for a laboratory-specific ∼3.3h
positive bias due to analysis via NTIMS in this laboratory (Foster et al., 2012; Martínez-Botí et al., 2015) brings culture (Sanyal et al., 2001 ) and core-top (Sanyal et al., 1995) T. sacculifer into more proximal agreement with cultures of G. ruber measured via MC-ICPMS (Henehan et al., 2013) , but the same analytical offset might then also be applicable to the calibration of Sanyal et al. (1996) for O. universa (Fig. S1 ). Hamilton et al., 2008; Hönisch et al., 2003; Köhler-Rink and Kühl, 2005; Lea et al., 1995; Rink et al., 1998; Spero, 1988; Spero and Parker, 1985; Vetter et al., 2013; Zeebe et al., 2003) , and large test size could make it an ideal subject for down-core application of the boron isotope-pH proxy. By accurately characterising vital effects in this species and reconciling our findings with existing understanding of microenvironment alteration we provide a new tool in palaeo-pH and palaeo-CO 2 reconstruction. In addition, we present MC-ICPMS analyses of δ
B
in open-ocean samples of several other symbiont-bearing, facultative symbiont-bearing, and symbiont-barren foraminifera to extend the range of characterised planktic foraminifera and provide better context for existing calibrations. In the light of these findings, we discuss the considerations that must be made when applying modern planktic foraminiferal calibrations in deep time, including how vital effects can be best characterised to permit more accurate palaeo-pH reconstructions. (Wiebe et al., 1985) on board the RV Tangaroa (NIWA Cruise TAN1106, Solander Trough, April-May 2011; Bostock, 2011) . The MOCNESS apparatus allowed for towing over tightly constrained depth ranges, with CTD bottle casts also taken at each site to determine hydrographic and carbonate system conditions. MOCNESS samples analysed here are from 0 to 50 m water depth (TAN1106/40) and 50 to 100 m water depth TAN1106/24 and TAN1106/50), and were towed at night. MOCNESS-collected foraminifera were separated from soft-bodied plankton using saturated NaCl solution, before being rinsed thoroughly in de-ionised water, dried at <50 • C for 24-48 hrs, sieved and picked. In addition, we analysed O. universa picked from material towed from <10 m water depth in the Gulf of Aqaba (Eilat) in Jan-March 2010. Towed samples were complemented by sediment trap samples from the Cariaco Basin (CAR22(Z), positioned at 150 m water depth, and collected January 2007). In addition, core-top samples were selected to maximise the range in pH and aqueous δ 11 B borate , and to sample from multiple ocean basins to investigate any possible regional effects (as noted in Mg/Ca; Marr et al., 2011) . Measurements were also made on a number of size fractions to examine any influence of test size on measured δ 11 B (as discussed by Hönisch and Hemming, 2004; Ni et al., 2007; Henehan et al., 2013) .
Methods

Sample selection
In addition to measurements of O. universa, we measured samples of the shallow-dwelling obligate crysophycophyte-bearing spinose species Globigerinella siphonifera (from tow, core-top), nonspinose, merely facultative crysophycophyte-bearers Globoconella inflata (tows, core-tops) and Pulleniatina obliquiloculata (core-top), and the non-spinose, symbiont-barren Neogloboquadrina pachyderma (core-top). These species were sampled from sites where O. universa were also analysed, except in the case of N. pachyderma, where at that site the assemblage was almost monospecific. Size ranges for each species are listed in Table S1 .
Core-top samples were from the archives at the University of Tübingen, Germany and NIWA, New Zealand. Samples from NIWA (J50 & ODP 1172C) were verified as recent by way of 14 C-dating (Cortese and Prebble, 2015) , while from the Tübingen repository only undisturbed multicore samples containing Rose Bengalstained living benthic foraminifera were used. The locations of core-top and sediment trap sites are shown in Fig. 2 (see also Table 1).
Calculating in situ δ
B borate
As in Henehan et al. (2013) , surface ocean pH was estimated for core-top sites using surface water oceanographic data from the Table 1 for further details). The inset panel shows the locations of samples taken aboard the RV Tangaroa TAN1106-Solander Trough Cruise from NIWA, Wellington in April 2011.
GLODAP (Key et al., 2004) , CARINA (Key et al., 2010) and Takahashi et al. (2009) databases. We use regional correlations of salinity and temperature with total alkalinity (TAlk) from Lee et al. (2006) . Applying these correlations, monthly-resolved estimates of salinity and temperature from Takahashi et al. (2009) were converted to monthly TAlk estimates. Pre-industrial pCO 2 at each core-top site was estimated by applying monthly ocean-atmosphere disequilibrium ( pCO 2 ) from Takahashi et al. (2009) (corrected for the post-industrial changes in flux with reference to Gloor et al. (2003) ) to a pre-industrial atmospheric pCO 2 value. Where samples were 14 C-dated, the age-appropriate atmospheric pCO 2 value was taken from Lüthi et al. (2008) . Where core-tops were not dated, we assume an average late Holocene (<4 kyr BP) value of 275 ppm. Combined with approximations of typical local silicate and phosphate concentrations (from GLODAP/CARINA), monthly estimates of pH were calculated using CO2sys.m (van Heuven et al., 2011) , the carbon constants of Lueker et al. (2000) , boron to chlorinity ratio of Lee et al. (2010) and equilibrium constants of Dickson (1990 
Analytical methods
Analytical methods are as discussed in Foster (2008) , and Henehan et al. (2013) . Sediment trap and tow sample specimens, following other culturing studies (e.g. Russell et al., 2004; Henehan et al., 2013) , were subject to intensified oxidative cleaning (3 × 20-30 min treatments of 250 μl 1% H 2 O 2 + 0.1 M NH 4 OH at 80 • C) to account for the greater presence of organics. In core-tops, oxidative cleaning was shorter (3 × 5 min) to minimise sample loss. Al/Ca ratios were monitored for clay contamination and values >100 μmol/mol discounted. Uncertainty for most samples was calculated according to the external reproducibility of Table 1 New Calibration data for O. universa plotted in Fig. 3 . For details of the derivation of in situ conditions, see Section 2.2. Sample marked with * was measured with 10 12 resistors, and so analytical reproducibility was estimated with Equation (2) (all others use Equation (1)). Age estimates for core-tops, and details of estimated in situ pCO 2 , are given in Supplementary Table 2 .
Size range (μm) A Monte Carlo approach was used to construct the calibration regression equation and its bounds of uncertainty, in R (R Core Team, 2015) . One thousand simulated datasets were created, with a value of δ 11 B calcite randomly generated from within normal frequency distributions around quoted sample measurements (Tables 1 and S1) , with standard deviations according to analytical reproducibility from equations (1) or (2) above. Similarly, random values for δ 11 B borate were generated from within bounds of two standard deviations of intra-annual variability at this site (core-tops) or from a conservative approximation of in situ measurement uncertainty (cultures, tows, sediment trap). Confidence intervals (1 and 2σ ) on the calibration are then calculated using a wild bootstrap approach (Liu, 1988; Mammen, 1993) . This avoids problems that can arise when utilising traditional bootstrap resampling to construct confidence intervals on small datasets (e.g. Cameron et al., 2008) . In wild bootstrapping, predictor variables are fixed and the regression t-statistic is resampled instead (following Imbens and Kolesar, 2012, section A2, not imposing the null). For each Monte Carlo-simulated dataset, 500 wild bootstrap replicates of calibration slope and intercept were generated, using sandwich (Zeileis, 2004) . The mean and 2 standard deviations of the 50,000 simulated regression parameters were then taken as the quoted value and 95% confidence intervals respectively. Note these analyses were carried out for both new and published datasets, and so regression equations and 95% confidence intervals in Figs. 1 and 4 may differ from previously published values where bootstrap approaches were not used. The advantage of this approach over previous studies is that it is an attempt to fully propagate the analytical uncertainty into the determination of the regression coefficients.
Results
Boron isotope calibration
Calibration data for O. universa are given in Table 1 open ocean O. universa display a pH-sensitivity roughly equal to that of aqueous borate ion. Scatter is low (for ordinary least squares regression the residual standard error is 0.31, R 2 = 0.94, p < 0.0001), with bounds of uncertainty on the calibration comparing favourably to other published calibrations. While we include tow and trap data in the calibration in Fig. 3 to maximise sample size, we tested the potential for differences stemming from the absence of gametogenic calcite in tow material, and the possible presence of non-gametogenic O. universa in Cariaco sediment trap samples . The slopes of calibrations con- (Table S1 ) all record lower δ 11 B than that of ambient borate (B(OH) − 4 ) ion (Fig. 4) .
Investigating influence from other non-carbonate system factors
These data show no change in the offset between recorded δ 11 B and ambient δ 11 B borate with either salinity or temperature, beyond the well understood effect on pK * B that is intrinsic in the calculation of δ 11 B borate (Fig. 5a,b) , confirming overwhelming carbonate system control on the boron isotope pH proxy. Moreover, unlike in other symbiont-bearing planktic species (e.g. Henehan et al., 2013; Hönisch and Hemming, 2004) there is no apparent increase in δ 11 B observed with increasing test size: within any one site all size fractions give the same value (within analytical uncertainty, see Fig. 5c ).
Discussion
Acidification of the microenvironment in a symbiont-bearing foraminifera
The new δ 11 B calibration for O. universa presented here is well constrained within the limitations of field calibration, thanks in Fig. 4 . Collated solution MC-ICPMS measurements of planktic foraminifera to date, demonstrating the considerable variability of vital effects observed amongst different species. Note that while more data exist from other analytical techniques (e.g. Hönisch et al., 2009; Sanyal et al., 1996) , as in Fig. 1 we avoid plotting data where analytical offsets are not fully quantifiable, so as to permit comparison of internally consistent datasets. We plot these other datasets in Fig. S3 . Shaded regions are calculated regions of uncertainty (1 and 2σ ) on published calibration data. Note, these bounds of uncertainty account for the number of samples included in the calibration, which is why 2σ uncertainty in the G. ruber calibration of Henehan et al. (2013) , which does not include core-top measurements of variable size, appears much larger than others listed. Error bars are as published, or for new data are 2σ uncertainty on analytical reproducibility (from Equation (1) part to the broad geographic (and thus in situ δ 11 B borate ) range of this species. It is, however, offset below the 1:1 line in Fig. 2 ; that is to say that it records lower δ 11 B (and by implication pH, see Fig. S1 ) than in situ ocean carbonate system conditions predict. This seems at odds with micro-electrode observations of higher-thanambient pH in the microenvironment of this species (Rink et al., 1998; Köhler-Rink and Kühl, 2005) , and with microenvironment models for O. universa that derive in part from these observations (Zeebe et al., , 1999a . Comparison with existing data, however, is not straightforward, since data from different NTIMS laboratories can be offset from each other (Hönisch et al., 2009 and from MC-ICPMS data . That said, if we tentatively apply the ∼ −3.3h analytical offset observed in nearby core-top measurements of T. sacculifer (Foster et al., 2012; Martínez-Botí et al., 2015) versus those analysed at Stonybrook (Sanyal et al., 2001 ) the calibration of Sanyal et al. (1996;  slope = 0.77 ± 0.23, as later corroborated by Hönisch et al., 2009 ) comes into approximate agreement with our new calibration (slope = 0.95 ± 0.17; see Fig. S2 and Fig. S3 ), which supports our findings.
Recent laser ablation MC-ICPMS data from cultured O. universa (Howes et al., 2016) are also for the most part within uncertainty of our calibration line (see Fig. S3 ), albeit tending toward higher We suggest that lowered δ 11 B in our O. universa calibration derives from microenvironment acidification that arises despite the presence of photosynthetic symbionts, as a result of a deeper habitat in this species compared to that of T. sacculifer or G. ruber. Although often referred to as a surface/mixed-layer species, O. universa is often found at deeper depths, even approaching the thermocline (Fairbanks et al., 1980; Spero and Williams, 1988; Sautter and Thunell, 1991; Marshall et al., 2015; Hemleben and Bijma, 1994) . Indeed, in our MOCNESS tows, high incidence of O. universa was observed at depths of up to ∼150 m (see Fig. S4 ).
Similarly Morard et al. (2009) found live O. universa in MOCNESS tows from 100-200 m depth. For T. sacculifer, the 'photosynthetic compensation depth' (i.e. the depth at which photosynthetic activity is not high enough to cancel out the acidifying effects of respiration and calcification) is estimated at only 45 m water depth (Jørgensen et al., 1985) . Therefore, it is likely that the degree of microenvironment pH elevation via photosynthetic symbionts in open-ocean O. universa is not only less than in G. ruber or T. sacculifer, but may be entirely cancelled out by respiration and calcification due to its deeper habitat depth. Maximum photosynthetic rate ( P max ) for O. universa is at 386 μEinst m 2 s −1 (Spero and Parker, 1985) . While Spero and Williams (1989) calculated a typical depth of approximately 40 m for these light levels (assuming a light attenuation coefficient of 0.04 per m from Tyler, 1975) Sanyal et al. (1996) are in agreement with their culture calibration (and their calibration agrees approximately with ours when analytical offsets are accounted for) their culture experiments were performed without any additional illumination beyond normal laboratory ceiling lighting , so it is likely that irradiance levels in their cultures was below P max , and that incident light was not of wavelengths favourable to photosynthesis (e.g. McCree, 1971) . In this way, photosynthetically-active radiation in their cultures might be more comparable to those seen at depth by open ocean O. universa. As a mechanism to explain vital effects in δ 11 B in O. universa, respiration-driven acidification of the microenvironment could also be compatible with the relatively higher δ 11 B (compared to our measurements) observed in those culturing experiments where [B] is elevated, and hence seawater buffering capacity is greater Howes et al., 2016) .
Although an overriding control of light availability is well supported by the available data, an alternative possibility is that specific differences in timing of calcification may exist between O. universa and other symbiont-bearing foraminifera, such that O. universa precipitates more of its shell in darkness (when host and symbiont respiration lowers microenvironment pH) than in day time. Evidence, for this, however, is lacking. Although Lea et al. (1995) report ratios of day:night calcification of 3:1 (suggesting most calcification would take place in a high-pH microenvironment), recent studies of day:night banding in O. universa (Vetter et al., 2013) show roughly equal quantities of CaCO 3 precipitated during day and night (based on the thickness of bands). Also, maximum photosynthetic rates in O. universa are not reached until midday (Spero and Parker, 1985) so although CaCO 3 precipitated before this point may perhaps still be considered 'day' calcite (Lea et al., 1995) it may still record a microenvironment where respiration outweighs photosynthesis. However, because microenvironment pH elevation in saturated light (∼ +0.6) outweighs pH reduction in the dark (∼ −0.15) by approximately 4:1 (Köhler- Rink and Kühl, 2005) , the vast majority of CaCO 3 would have to be precipitated in the night to produce the average pH offset of −0.13 pH units we observe here. Moreover, the disagreement between studies, as well as variability of day:night calcification ratios observed by Lea et al. (1995) , suggests that day:night calcification ratios are not fixed, and may differ within individuals of the same species. Therefore we tentatively suggest that differences in habitat depth may be a more straightforward explanation for the observed patterns.
It is worth noting that the slope of our new calibration (i.e. the pH sensitivity of δ 11 B in O. universa) is close to 1 (Fig. 3) . That is to say that, as in G. bulloides (Martínez-Botí et al., 2015) and in Cibicidoides , there is no significant deviation from the pH-sensitivity of δ 11 B borate indicated by a fractionation factor ( 11-10 K B ) of 1.0272 (Klochko et al., 2006) . It is unclear why this differs in other symbiont-bearing species calibrated to date (Henehan et al., 2013; Sanyal et al., 2001 ), but we suggest it may indicate that the overall stronger photosynthetic activity of symbionts in G. ruber and T. sacculifer not only produces an absolute offset of foraminiferal δ 11 B from that of ambient borate, but may also lower its pH sensitivity. In other words, it may imply that symbionts buffer the microenvironment of these species to an increasing degree as bulk seawater pH decreases.
Finally, recent observation of elevated δ 11 B in inorganic calcite
precipitates, but not in aragonite, has been interpreted as an indication that both aqueous species (boric acid and borate) may be incorporated into calcite (Noireaux et al., 2015) . However, since O. universa (and numerous other species; Fig. 4 ) record lower δ 11 B
than that of aqueous borate, these data do not support incorporation of boric acid during precipitation of foraminiferal CaCO 3 . It is possible, then, that inorganic precipitation experiments (often precipitated from non-seawater solution chemistries) do not effectively approximate conditions of natural biogenic precipitation. Clearly further investigation is required to ascertain the cause of this disagreement and allow greater confidence in the fundamentals of the proxy.
Anomalous results from the Red Sea
While the offset between the O. universa calibration of Sanyal et al. (1996) and the one presented here might be explained by analytical differences (Fig. S2) , there remains an inconsistency within our MC-ICPMS data. One measurement from O. universa towed from the Gulf of Aqaba (Eilat) is considerably offset from other calibration data (by ∼ +2h; Fig. 3 ). Given that there is no correlation elsewhere between salinity and deviation from aqueous δ 11 B borate within a range of salinity of 34.4 and 36.7 (Fig. 5a ) it seems unlikely that this is related to the unusually high salinity levels (>40) seen in the Gulf of Aqaba (Eilat). Moreover the tight correlation in other tow and core-top data (Fig. 3) suggests that regional differences in productivity and nutrient availability at most have only limited effects on δ 11 B. Unusual seawater chemistry could have some effect on ion pairing and equilibrium constants (Hain et al., 2015) but major ion chemistry in the northern Gulf of Aqaba (Eilat) is not drastically different here compared to elsewhere (Friedman, 1968; Steiner et al., 2014) , and so is insufficiently unusual to significantly alter equilibrium constants. Given morphotype-specific variations observed in δ 18 O (Deuser et al., 1981; Marshall et al., 2015) , some disparity in recorded δ 11 B could conceivably be linked to the presence of some different cryptic species of O. universa in the Gulf of Aqaba (Eilat). Three genotypes (Types I, II and III) of O. universa have been defined on the basis of small subunit (SSU) mRNA (Darling and Wade, 2008; de Vargas et al., 1999) , corresponding to three specific morphotypes (Deuser et al., 1981; Marshall et al., 2015; Morard et al., 2009) . It is possible that boron isotope variations may exist between these genotypes, given their offset in δ 18 O and δ 13 C . However, in the Gulf of Aqaba (Eilat) region, the Type III 'high-productivity' (or Mediterranean-type; Morard et al., 2009) genotype are found. Given that Type III is also the genotype most prevalent in other regions sampled in this study (Darling and Wade, 2008) , it seems difficult to explain the observed dichotomy of δ 11 B signals through cryptospecies variations. Indeed the tight correlation in our data may suggest at most limited differences in δ 11 B between cryptospecies, despite evident differences in δ 18 O and δ 13 C . More likely, perhaps, is that habitat depth is driving observed patterns, as a result of associated changes in irradiance. In Eilat, O. universa were collected from <10 m water depth, in a region where the euphotic zone stretches to 115 m water depth, and light attenuation is low (Stambler, 2006) . In this way, our tows from Eilat may have preferentially sampled individuals from high-light environments (where the effect of symbiont photosynthesis is strongest) before any ontogenetic migration to depth had taken place. As such it is probable that CaCO 3 analysed from these tows experienced irradiation levels well above those required to compensate for the acidifying effects of respired CO 2 . That said, Hönisch et al. (2003) towed O. universa from depths of <20 m, where irradiance was still likely above the light compensation for O. universa, yet these specimens still recorded 'dark'-type δ 11 B signals, which would require these individuals to have recently migrated up from depth.
Implications: microenvironment alteration in deep time
These data are the first data from symbiont-bearing foraminifera that record lower δ 11 B, and hence pH, than ambient seawater, and serve as a cautionary example that symbiosis, often inferred in extinct species from relatively heavy δ 13 C signatures, may not necessarily imply elevation of microenvironment pH. That said, since these O. universa data are still heavier in δ 11 B than symbiontbarren species G. bulloides (by ∼1 to 1.5h; the same offset observed by Hönisch et al., 2003) and N. pachyderma (Martínez-Botí et al., 2015; Yu et al., 2013 ; this study), some effect of symbiont photosynthesis is still evident (see Fig. 4 ). We note also that the shallow-dwelling obligate crysophycophyte-bearing spinose species
G. siphonifera appears to demonstrate patterns in δ 11 B similar to O. universa (Fig. 4) , although with the proviso that these were not separated by morphotype (type I or II; Bijma et al., 1998) . In contrast, non-spinose, merely facultative crysophycophyte-bearers such as G. inflata, P. obliquiloculata and N. dutertrei (Hemleben et al., 1989) , are more variable and often record δ 11 B values more similar to symbiont-barren species (e.g. G. bulloides or N. pachyderma; Fig. 4 ). There is, therefore, an increasingly congruent picture emerging from comparison of this and other published data from symbiont-bearing and symbiont-barren foraminifera: that respiration of planktic foraminifera acidifies the microenvironment around a foraminifera, and that photosynthetic symbionts may counteract this acidification to a greater or lesser degree, depending on factors such as symbiont type or strength of symbiont photosynthetic activity (in turn a function of symbiont density and depth habitat relative to photosynthetic compensation point). Among those foraminifera bearing large dinoflagellate symbionts, the magnitude of vital effects track typical habitat depth (Bijma et al., 1992; Erez and Honjo, 1981) irradiance levels, and likely vital effects. In addition, increases in δ 11 B with size-fraction may further indicate the strength of symbiont influence on the microenvironment. In modern species, these size-related changes are only observed in G. ruber (Henehan et al., 2013) , and (less strongly) in T. sacculifer (Foster, 2008; Hönisch and Hemming, 2004; Seki et al., 2010) 11 B between species living at similar temperatures (i.e. habitat depths), for example, may by necessity imply the presence or absence of symbionts, and the magnitude of this offset can permit comparison with modern calibrations and interspecies offsets. Finally, it is possible that B/Ca ratios may also be used to infer aspects of symbiont ecology. Empirically, in the modern ocean, planktic foraminiferal B/Ca ratios largely mirror the magnitude and direction of vital effects in δ 11 B, even though the controls on B incorporation may be complex (e.g. Henehan et al., 2015) . In both open ocean (Fig. 7 ) and cultured foraminifera (Allen et al., 2012) , [B] is highest in G. ruber (that shows the largest vital effects in δ 11 B), followed by T. sacculifer (also offset to more positive δ 11 B), followed by O. universa and other species whose vital effects ap- pear to be predominantly respiration-driven (Fig. 7) . Just as with size driven changes in δ 11 B discussed above, there remains a clear need for a mechanistic understanding of the drivers of these vital effects in both B/Ca and δ 11 B to permit full confidence in absolute reconstructions of pH and pCO 2 from extinct species. However, through combination of these more qualitative, empirically-based indicators with more quantitative palaeoecological signals across multiple geochemical proxy systems, we suggest it is still possible to make informed approximations of the nature of vital effects in extinct species.
Conclusions
This contribution resolves some inconsistencies between previous planktic foraminiferal calibrations and in vitro observations, and provides further support for the importance of microenvironment alteration in dictating foraminiferal vital effects. Our new calibration for O. universa provides one of the most tightlyconstrained calibration of any species to date, derived from openocean samples without risk of artefacts from culture. Better understanding of foraminiferal autecology and seasonality in the open ocean could in future constrain such calibrations still further. Together with apparently negligible size-fraction or cryptospecies effects in δ 11 B and this species' broad geographic range, long fossil record, and large and easily recognisable morphology, this calibration should prove a very useful tool for reconstruction of past pH and pCO 2 . In addition, through comparison with new and published measurements of other foraminiferal species, an increasingly congruent picture of the nature of foraminiferal vital effects is emerging. Although ultimately more advanced models of foraminiferal microenvironment alteration and biomineralisationgrounded in more extensive physiological and geochemical measurements -are needed, we outline some practical solutions to allow approximation of vital effects in extinct species. These approaches, we suggest, may permit greater confidence in absolute values of ocean pH and atmospheric pCO 2 calculated from the δ 11 B of extinct foraminiferal species, thereby extending the utility of the boron isotope-pH proxy.
